BACKGROUND: it has been suggested that the effects of sacral nerve stimulation against fecal incontinence involve neuromodulation at spinal or supraspinal levels.
s acral nerve stimulation (sns) is effective in up to 80% of patients with fecal incontinence (fi), although numbers based on intention-to-treat studies are substantially lower (54% at long-term follow-up).
1,2 however, the mode of action remains poorly understood.
end-organ effects have been studied extensively, and the initial hypothesis that the mechanism of sns was primarily through peripheral motor stimulation is not supported by the majority of recent studies. 3 several studies have found effects of sns outside the anorectum, 3 indicating that sns acts through somatic or visceral afferent nerve fibers to the central nervous system, rather than having a direct effect on the pelvic floor. Cortical evoked potentials (CEPs) in response to electrical or mechanical stimuli of the rectum have been used for the evaluation of afferent pathways of visceral sensation in healthy subjects and patients. [4] [5] [6] [7] in a previous study, we demonstrated that patients with idiopathic fi (IFI) have prolonged CEP latencies after rectal mechanical stimulation and altered cortical processing after anal distension. 8 Prolonged CEP latencies after rectal stimuli have previously been found to normalize during sns treatment. 9 for the present pilot study, we hypothesized that both peripheral and central abnormalities were reversible during temporary sns.
Does Sacral Nerve Stimulation Improve Continence Through Enhanced Sensitivity of the
the aim of our pilot study was to investigate the sensory pathways of the anorectocerebral axis in patients with ifi before and during temporary sns by means of the following parameters: 1) stimulus intensity to elicit a predefined sensory response, 2) latencies and amplitudes of CEPs, and 3) spectral content in predefined CEP frequency bands.
MATERIALS AND METHODS
Ethics and Consent the study was performed at the Department of surgery, aarhus university hospital, Denmark, and was conducted in conformity with the helsinki declaration after written informed consent. the protocol was approved by the ethics Committee for north Jutland, Denmark (n-20090008).
Subjects
We included 15 women with ifi (mean age, 58 ± 12.2), 8 of whom also participated in our previous study comparing the afferent sensory pathways in healthy subjects and ifi patients. 8 Before enrollment, patients recorded a bowel habit diary during a 3-week period quantifying urge and passive incontinence episodes, seepage, and use of pads. indications for sns were ifi resistant to conservative treatment and a Wexner fi score of ≥9 and/or ≥3 fi episodes during the 3-week evaluation period. 10 exclusion criteria were other colorectal or pelvic organ diseases, including previous colorectal or pelvic, as well as spinal or brain surgery, active use of medication interfering with GI or cerebral function, or external sphincter defects larger than 60 degrees when assessed by endoanal ultrasonography (BK Medicals, Herlev, Denmark).
according to department standards, all patients underwent colonoscopy or flexible sigmoidoscopy, anorectal manometry, sensory response to rectal volume distension, and endoanal ultrasonography before the temporary sns (percutaneous nerve evaluation (PNE) test).
Experimental Protocol on the day of examination, patients arrived after at least a 2-hour fast. as a standardized procedure, a mini enema (Microlax, McNeil, Birkerød, Denmark) was administered 15 minutes before the examination in all patients. at baseline, rapid balloon distension (RBD) was conducted at individual sensory thresholds. On the last day of the PNE test (day 20 in all patients), individual sensory thresholds were again sought out and RBD was repeated.
Stimulus Intensity
We instructed subjects in the use of a modified 0 to10 visual analog scale (Vas) that has proved to be robust in discriminating rectal sensations with high accuracy. 11, 12 Determination of sensory thresholds (Vas = 1) was done separately in the rectum and the anal canal by increasing distension pressure/ stimulus intensity until each threshold was reached. Distension pressure was then increased until the threshold of unpleasantness or urge to defecate (Vas = 5). although seemingly different sensations, these 2 sensory inputs were found closely related on the same scale in pilot studies. for safety reasons, a pressure of 30 psi (corresponding to 206 kPa) was the upper stimulation limit. this corresponded to inflating the rectal balloon to a maximum diameter of 5.6 cm and the anal canal balloon to a maximum diameter of 2.6 cm.
individual thresholds were determined both before and during temporary sns. fixed stimuli were not used because pilot studies showed huge interindividual variation in pressures needed to induce unpleasantness/ urge to defecate.
Rapid Balloon Distension of the Rectum and the Anal Canal
We have previously validated and described this method. 13, 14 To stimulate visceral afferents in the rectum, RBD was performed with the center of the balloon 15 cm above the anal verge. in the anal canal, the probe was retracted to the anal margin so the lower end of the balloon was just visible. in both positions, rapid distension with immediate deflation has proven to be a well-defined and short stimulus. 13, 14 Electroencephalographies (EEGs) were recorded during 30 single stimulations (sweeps) at stimulus intensity VAS = 5 at each site. EEGs were recorded using a surface electrode cap (64ch prewired cylindrical ag/agCl electrodes, meQnordic a/s, Jyllinge, Denmark) with the frontal edge of the hood placed 3 cm above the nasion. the inflator used a digitized trigger signal to synchronize the EEG recording and the onset of the RBD.
according to the best motor response. a percutaneous extension cable was connected to the permanent lead and tunneled subcutaneously to establish a connection with an externally worn stimulator. all implants were done by the same experienced colorectal surgeon (l.l.).
Programming of the pacemaker was done after surgery, and the program with the lowest stimulation amplitude possible was chosen. the patient programmer (model 3037, InterStim iCon Patient Programmer, Medtronic, minneapolis, mn) was set at our standard setting with a frequency of 14 hz and a pulse width of 120 μs.
Patients wore the external stimulator for three weeks while again completing a bowel habit diary. If the PNE test revealed more than a 50% reduction of fi episodes and/or days affected by fi, the test was considered positive.
DATA ANALYSIS Averaging Process
Data were randomized by a second investigator before being analyzed blinded and in random order by the primary investigator. The averaging process of CEPs has previously been described. 13, 14 in brief, the evoked potentials were analyzed using commercial software (neuroscan Version 4.5.1, NeuroScan, El Paso, TX). The method includes: 1) notch filtering from 45 to 55 hz using a finite impulse response filter with a slope of 96 dB/octave; 2) bandpass filtering from 1 to 70 hz using a finite impulse response filter with a slope of 12 dB/octave; 3) recording epochs from 50 ms before stimulus until 650 ms poststimulus; 4) manually rejection of sweeps containing artifacts; 5) rereferencing to the average electrode, and 6) calculating average of accepted sweeps for the individual subject. in case of poor signal quality on specific electrodes, the signal was interpolated from neighboring channels.
Visual Inspection of Average Evoked Potentials
Analysis of latencies and amplitudes of CEPs deriving from the rectum were done at 5 preselected and representative electrodes, the central (CZ), frontal (fZ), occipital (OZ), and left/right temporal regions of the brain (TP7 and TP8) (international 10-20 system). 15 the CZ (central vertex) electrode was chosen for further analysis. 15 the labels of the CEP components were given after visual identification of the largest negative peak, n2, and the positive peaks before and after N2 were labeled P1 and P2, whereas the negative peak presiding P1 was labeled N1. Peak latencies were determined as the time from onset of the stimulus to the maximum potential, and the peak-to-peak amplitudes were determined by difference in electrical potentials from first and second negative peaks preceding first and second positive peaks (N1-P1/N2-P2).
8,14,16

Spectral Analysis
In general, EEG signals have a broad spectral content revealing oscillatory activity in specific frequency bands. oscillations are repeated, synchronized bursts from specific populations or clusters of neurons. the number of bursts in a second is the frequency of the oscillation. the methodological approach has previously been described in detail by Gram et al. 17 in brief, the spectral indices were found using the continuous wavelet transform. spectral contents of each CEP single sweep were analyzed from 25 to 500 ms after onset of the stimulus with wavelet scales equivalent to frequencies between 1 and 70 hz and a between-scale interval of 0.5 hz. for each scale, the average absolute wavelet coefficients were then summed together to obtain the amplitudes of standardized frequency bands; delta (1-4 hz), theta (4-8 hz), alpha (8-12 hz), beta (12-32 hz), and gamma (32-70 hz). last, values from the individual sweeps were averaged for all accepted sweeps in the stimulation period.
Statistics
Descriptive data are reported as mean ± sD, or median (range) where appropriate, and compared by paired t test or signed rank test. electrophysiological data before and during sns were compared by multilevel mixed-effects linear regression with all channels as a factor. for analysis of latencies and amplitudes, only the preselected electrodes used for visual inspection (CZ, FZ, OZ, TP7, and TP8) were included as a factor.
Correlations were analyzed by using spearman or Pearson Rank Correlation coefficient when appropriate, and the 2 groups were analyzed separately. p values of less than 0.05 were considered statistically significant.
RESULTS
all investigations were performed without drop-outs. Data from 2 patients were excluded from analysis because of poor signal-to-noise ratio in CEP recordings. Consequently, 13 ifi patients were included in the analysis.
Patient Characteristics
Demographic and anal manometry data are presented in table 1. the most predominant symptoms among included patients were either urge (n = 5), passive (n = 3), or a mixture of both passive and urge ifi (n = 5). seven patients had some degree of urinary incontinence. Compared with the normal range of anorectal physiology tests at our unit, 1 patient had above-normal resting anal pressure and one had below-normal squeeze pressure. 18 three patients were hypersensitive and one was hyposensitive in the rectum during bag distension. on the right side, 2 patients had faster than normal pudendal nerve terminal motor latency (PNTML) and 1 had slower. On the left side, 5 had faster than normal PNTML and 1 had slower.
all patients responded positively to temporary sns and continued treatment with a permanent implant. During the temporary sns, the mean Wexner fi score was reduced from 15.5 ± 3.6 to 6.7 ± 5 (p < 0.001) and the mean st mark fi score was reduced from 17.8 ± 3.7 to 8.3 ± 5.9 (p < 0.001) ( fig. 1 and table 2) . symptom scores and bowel habit diaries are reported in table 2.
Stimulus Intensity in the rectum, the stimulus intensity of the balloon pressures was sought out for first sensation and the sensation of unpleasantness/urge to defecate. neither of the thresholds changed during temporary sns. in the anal canal, the stimulus intensity of the balloon pressures for first sensation was unchanged before and during temporary sns. the threshold for unpleasantness/ urge to defecate significantly decreased by 50.4% during temporary sns. Changes were neither associated with changes in Wexner score (r = 0.05, p = 0.87) nor with changes in st. mark score (r = 0.047, p = 0.88).
Data are presented in table 3, and mean plots are presented in figure 1.
Cortical Evoked Potentials
the grand mean averages of evoked potentials for ifi patients before and during sns are presented in figure 2. latencies and amplitudes from the CZ electrode are presented in table 3. Cortical evoked potentials from predefined electrodes (CZ, FZ, OZ, TP7, and TP8) before and during temporary sns showed no difference in latency (χ 2 = 0.01; p > χ 2 = 0.9) or amplitude (χ 2 = 1.9; p > χ 2 = 0.17). as also found in our previously published studies, all patients had prolonged latencies compared with healthy volunteers. 16 As presented in our methodology article, CEPs from distension of the anal canal are hampered by latency jitter and thus not suitable for this type of analysis.
Single-Sweep Spectral Band Analysis of Cortical Evoked Potentials During Rectal and Anal Distension
We found no differences before and after sns in singlesweep spectral band frequency distribution of signals elicited from rectal (p > χ 2 = 0.12) or anal distension (p > χ 2 = 0.87). average spectral plots before and during SNS are presented for both the rectum (A and B) and the anal canal (C and D) in figure 3.
DISCUSSION
Main Findings sacral nerve stimulation resulted in a 50.4% reduction in the stimulus from the anal canal needed to evoke an urge to defecate. We found no alterations in cortical responses to either rectal or anal stimuli before or during temporary SNS when measured by latency and amplitudes of CEPs or spectral content. these findings suggest that clinically successful sns alters afferent somatic input with improved awareness toward mechanical stimuli from the anal canal.
Rectal Sensation all levels of visceral sensory processing (peripheral, spinal, brainstem, or cortical) contribute to the rectal perception. Using balloon distension, Goligher and Hughes 19 demonstrated that distension of the bowel up to 15 cm from the anal verge caused a sensation of fullness in the rectum, giving the subject a desire to pass wind or bowel motion (rectal-type sensation). Rectal distension probably also stimulates receptors outside the rectal wall because rectal-type sensations can be elicited in an established neorectum. 20 Whether this input is conveyed by visceral or somatic afferent fibers is unclear. a study from Chan et al 21 investigating pudendal nerve contribution to rectal sensitivity by balloon distension during pudendal nerve block indicates that rectal sensory projection is not confined to the pudendal nerve fibers.
Changes in rectal sensation of ifi patients caused by sns have been extensively investigated by using either barostat or simple balloon methodologies, but with conflicting results. 3 although we did not examine rectal sensitivity using similar traditional methods, we did not find changes in the average balloon pressure needed to elicit unpleasantness or urge to defecate before or during sns. the findings are supported by the fact that we did not find any changes in peripheral or central processing of rectal (afferent visceral) sensation.
We have previously demonstrated increased latencies in rectal CEPs in IFI patients compared with healthy patients. 8 however, the normalization of increased latencies in FI patients during SNS reported by Giani et al 9 was not confirmed by this study. Observed changes after PNE were <0.5 ms in the Giani study, which is an unusual level of reliability even for electrical CEP testing.
Anal Sensation
it has been demonstrated that the external anal sphincter and the highly discriminative anal lining become denervated by pudendal neuropathy. [22] [23] [24] Pudendal neuropathy (measured by prolonged PNTML) in IFI patients is controversial, 25, 26 and only 1 patient in the present study had prolonged PNTML. A current predominant theory on the cause of ifi is that pudendal afferent fibers are damaged during childbirth, leading to the loss of cortical awareness of the pelvic floor and, consequently, incontinence. [27] [28] [29] idiopathic fi patients in this study do portray identified risk factors for the condition such as an above-average median of vaginal deliveries as well as increased BMI and decreased resting and squeeze anal pressures. 30 a few animal studies have investigated the afferent sensory pathways using mechanical stimuli before and during sns. 4, 31, 32 In the study by Griffin et al, 4 significantly increased CEP amplitudes after SNS were found in rats when stimulated electrically in the anal canal. in addition, an animal model was developed for selective mechanical stimulation of either the rectum, the anal canal, or the perineum in combination with CEP recordings, which showed increased CEP amplitudes after SNS in both the anal canal and the perineum, but no changes in rectal CEPs. 31 in the present study, we used a different approach, because stimuli were not fixed before and during temporary sns. human studies have the possibility of examining the perceptual sensory response expressed by a subject and measured as the rectal and anal thresholds for urge to defecate. this response can be separated into 2 components according to the signal detection theory 33 : the perceptual sensitivity (the physiological capacity to detect intraluminal distension) and the response bias (how the sensation is reported). the perceptual sensitivity reflects the organ's ability to mediate the stimulus to the central nervous system. the response bias is the reporting behavior (how the patient describes the stimulus) which is a cognitive process influenced by multiple factors such as past experience and psychological state. thus, perceptual sensitivity is related to peripheral mechanisms, whereas response bias results from central modulation and processing of the sensation. 33 We found no changes in response bias, despite altered stimulus intensities in the anal canal before and during sns. this indicates that the perceptual sensitivity of the anal canal is altered during sns.
Because CEP amplitudes are directly proportional to stimulus intensity, 34, 35 a fixed stimulus before and during SNS is expected to produce CEPs with increased amplitudes similar to those observed in the animal studies.
Sensory Processing the modified gate control theory of pain builds on the occurrence of presynaptic inhibition of the dorsal nerve endings in the superficial laminae. 36 the afferent transmission is altered through inhibitory or excitatory interneurons, resulting in longer depolarization periods. 36, 37 even though the theory is based on modulation of noxious stimuli, the same is true for the larger, myelinated fibers projecting nonnoxious sensory input. 37 it is plausible, that sns acts via modulation of presynaptic inhibitory functions. such modulatory effects may be restricted to spinal arches, and/or the spinobulbospinal loop. We cannot rule out that descending inhibitory pathways, which again are influenced by the simpaticovagal balance, also affect the sensation of the anorectum. Based on our data, it is not possible to distinguish the proportional contribution. however, having observed similar cortical processing to an altered stimulus before and after sns, we suggest that the beneficial effect of sns occurs on a subcortical level. Previous studies finding cortical changes (both sensory and motor changes have been reported) as a result of sns could either be due to altered perceived stimulus intensity during sns and thus altered cortical response or a secondary adaptive alteration motor behavior.
Methodological Aspects
Cortical evoked potentials in response to stimuli applied in the rectum, either with electrical or mechanical stimulation, have been widely used to evaluate the afferent pathways of primarily visceral sensation in healthy volunteers and patients. 4, 6, 7, [38] [39] [40] Cortical evoked potentials evoked by RBDs have been validated for both the rectum 13 and the anal canal 14 and have proven reproducible at both locations.
We have previously demonstrated that single-sweep spectral band analysis is an applicable analysis, which is not hampered by the latency jitter found in the anal canal.
14 however, at present, we cannot align single sweeps, and, therefore, analysis of latencies and amplitudes cannot be performed for the anal canal. furthermore, this type of analysis is still relatively new in the field of anophysiology and the bases for comparisons are sparse.
LIMITATIONS
the main limitation of this pilot study is the size and explorative design. for proof of concept, a larger, randomized double-blinded study comparing sns vs sham is necessary.
CONCLUSION
in this pilot study, we found reduced thresholds for the feeling of urge to defecate during anal stimulation in ifi patients during temporary sns. our data suggest that sns may alter fecal continence via somatic afferent fibers through increased anal awareness. this is a hypothesisgenerating study and must be confirmed in larger, preferably randomized and double-blinded studies comparing sns and sham stimulation.
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